Abstract--Multivariate analysis of variance and discriminant analysis were used to establish the crystal chemistry of several Al-rich smectites. The statistical analyses were carded out on 78 samples taken from the literature which were classified on the basis of their physicochemical properties. A strong discrimination exists between beidellites and montmorillonites, 'non-ideal' montmorillonites and 'ideal' montmorillonite8, and Wyoming-type and Cheto-type montmorillonites. Of the Cheto-type montmorillonites, the Tatatilla-type samples are strongly discriminated, whereas the distinction between Chambers-and Otaytypes is not strong. AF v, A1 vI, Fe, Mg, and Ca are generally important discriminating variables, whereas the tetrahedral portion of the layer charge, commonly used as a discriminating factor among these minerals, is only moderately significant.
INTRODUCTION
It has long been known that many of the physicochemical properties of smectites, e.g., cation-exchange capacity and thermal behavior, differ widely from sample to sample and that this behavior appears to be a function of the chemical composition of the samples. It therefore seems advisable to classify in a statistical manner various crystal chemical types of smectites on the basis of such physicochemical properties.
Historically, smectites have been divided into di-(Al-rich) and trioctahedral (Mg-rich) groups, of which the Al-rich, dioctahedral types will be treated here. Dioctahedral smectites have been further divided into montmorillonites and beidellites (see, e.g., Weir and Greene-Kelly, 1962) , wherein beidellites represent the Al-rich members ofa montmorillonite-beidellite series in which the net negative layer charge arises chiefly from tetrahedral substitutions rather than from octahedral substitutions. Conversely, in montmorillonites the net layer charge from octahedral substitutions is greater than or equal to that from tetrahedral substitutions. Montmorillonites and beidellites can be distinguished by a variety of tests, the most common being the lithium expansion test proposed by Greene-Kelly (1953) and improved upon by Bystrrm Brusewitz (1976) . Grim and Kulbicki (1961) subdivided montmorillonites into Cheto-type and Wyoming-type materials on the basis of differences in cation-exchange capacity, thermal behavior after K and Mg treatments, and infrared absorption properties. These types also differ crystal chemically in that more Mg appears to be present in the octahedral layer of the Cheto-type than the Wyoming-type and that the cations in octahedral coordination are regularly distributed in the former and randomly distributed in the latter. Schomburg (1976) distinguished these two types on the basis of their dilatometric curves, and Landgraf (1979a Landgraf ( , 1979b reported differences in the relative intensity of the 001 X-ray diffraction reflections and in the optical properties of Cheto-type and Wyoming-type montmorillonites that had been treated with organic liquids. Shultz (1969) retained the term Wyoming-type after Grim and Kulbicki (1961) , but subdivided the Chetotype into Otay,-Tatatilla-, and Chambers-types on the basis of differences in their differential thermal analysis (DTA) curves, the nature of their fired products, and their degree of re-expansion with ethylene glycol after K-saturation and heating to 300~ Schultz (1969) also introduced the term "non-ideal" for those samples that showed a dehydroxylation DTA peak between 550 ~ and 600~ instead of a normal temperature of about 700~ and which possessed less than an ideal 4 OH per unit cell. Brigatti and Poppi (1981) presented a mathematical model for distinguishing dioctahedral smectites using three variables which are functions of the chemical data. They examined literature analyses and included in their study materials classified on the basis of physicochemical properties as well as materials classified on the basis of chemical data alone. The usefulness of their statistical classification was limited due to the non-homogeneity of the literature data.
The aim of the present investigation was to extend the work of Brigatti and Poppi (1981) by (1) comparing the subdivision ofAl-rich, dioctahedral smectites based on previously determined physical properties and Copyright 9 1985 The Clay Minerals Society physicochemical tests only and the subdivision based on the chemistry of the samples; (2) defining the chemical variables which are most significant in this subdivision; and (3) providing discriminant functions which describe the differences of the group within a simple model that maximizes these differences and yields classification functions that are able to place a sample into its correct type solely from its chemical composition. To this end, multivariate factor analysis and discriminant analysis were used.
CHOICE OF DATA
This work used chemical analyses of samples that other authors had classified into the different types of Al-rich smectites according to their physicochemical properties only (for example Li-and/or K-tests, heating behavior; Grim and Kulbicki, 1961; Schultz, 1969) or that we have classified on the basis of similar tests provided by the authors. Chemical analyses were used only when the impurities were found to be no greater than 10% and due to no more than two phases with well-defined chemical compositions. Such analyses were subsequently adjusted for impurities. Grim and Kulbicki (1961) did not subdivide their Cheto-type montmorillonites into Otay-, Chambers-, and Tatatilla-types. In the part of the present study that required this subdivision, only the analyses of those samples found in the same localities studied and classified by Schultz (1969) were considered.
Analyses with an Fe203 + FeO > 11% were eliminated because above this value the b cell parameter varies as a function of Fe content, as in nontronites (Russell and Clark, 1978; Brigatti, 1983) . Formulae whose octahedral cation contents were greater than 2.26 on the basis of Olo(OH)2 were rejected even if the b cell parameter showed that the sample was dioctahedral. In our data, in fact, a gap between 2.26 and 2.40 was found. Schultz's sample 27 was ignored in the discriminant analysis because it was defined by him as an intermediate between the Wyoming-and Chambers-type.
The iron in all analyses was considered as Fe 3+ inasmuch as many authors reported total iron as Fe 3+ only and because Fe 3+ and Fe 2+ are both found in smecrites in octahedral sites, normally with Fe 3+ >> Fe 2+ (Rozenson and Heller-Kallai, 1977 ).
The weight percentage of adsorbed H20 in montmorillonites is a function of environmental parameters that are difficult to standardize (relative humidity, temperature at the time of analysis, etc., Prost, 1976; Del Pennino et aL, 198 l) . In addition, the H20 percentage was not reported for many materials as the analysis was carried out on ignited samples. For this reason water was not considered in the statistical analysis even if it may be an important discriminating element. Finally, structural formulae were rejected if the unbalance between the layer charges and the interlayer charges was >0.05 and Si >4, on the basis of Olo(OH)2.
Structural formulae were used in the statistical analysis; the literature sources of the chemical analyses from which the formulae were recalculated are listed in Table 1 . The formulae were recalculated by: (1) balancing the cation charges on the basis of 22 negative charges O~o(OH)2; (2) assigning all Si to the tetrahedral layer together with enough A1 to bring the total to 4; (3) assigning only Ca, Na, and K to interlayer positions; and (4) assigning all other cations to the octahedral layer.
According to many authors, Mg and A1 can also be present as exchangeable cations because these cations are common in the exchange liquid. Mg and A1 were not assigned to exchangeable positions because of the following: (1) As stated by Fripiat et al. (1971) , octahedral cations may enter in the exchange liquid because of octahedral hydrolysis during the process. Also, Novfik and Ci6el (1978 ) showed a remarkable dependence of the apparent dissolution rate of the octahedral layer of smectite on the degree of substitution of Fe 2+ and Mg 2 § for A13+ in octahedral positions. Thus, cation distributions in smectites may be far from the ideal net dioctahedral occupancy in the montmorillonite-beidellite series. (2) No crystal chemical evidence exists that favors a strictly dioctahedral smectite over a smectire with an octahedral occupancy greater than 2.0. (3) The amount of A1 and Mg in interlayer positions is normally low. (4) For a considerable number of analyses used in this work, Mg and AI were not determined in the exchanged liquid.
An attempt was also made to verify whether the statistical analysis was in agreement or not with these selection criteria. A discriminant analysis and a multivariate analysis of variance were carried out to this end both on the structural formulae re-calculated by us and on those calculated by Schultz (1969) using the Ross and Hendricks (1945) method. Using the Wyomingtype and Cheto-type subdivision as a check and the subdivision that comprises all species and/or types, the results show comparable significance in discrimination of sample groups. Table 2 summarizes the subdivision of the Al-rich smectites adopted in the present study. The 'ideal' and 'non-ideal' (Schultz, 1969) natural beidellites to have a 'non-ideal' behavior. The variables used in the statistical analysis were A1TM, A1 vI, DESCRIPTION OF THE METHODS Fe, Mg, Mn, Ti, Ca, Na, K, and ~2, where fl is the The problem was to discriminate a collection of n tetrahedral portion of the layer charge. This ratio is samples of Al-rich smectites, for each one of which m > 1.0 when the octahedral charge is > 6.0 on the basis chemical elements had been determined, between g of O~0(OH)2. In the statistical analysis 9.99 was arbidifferent groups on the basis of chemical analyses. The trarily assumed to be the maximum value of~2. Table  groups were obtained with an a priori criterion, i.e., 3 contains the minimum, maximum, and mean values, by means of their physicochemical behavior only. The and the standard deviation for the variables used of samples can be considered to be distributed in a all types, m-dimensional space, in more or less g-elliptical clouds of points whose center of gravity is designated a centroid. If g is equal to 2, an optimum way to separate the two clouds is by means of a line whose perpendicular is called a discriminant function. The projection of all of the specimens onto this line should show that most of those in group 1 fall to the left of a central point, and that most of those in group 2 fall to the right of the point. The first objective was to verify whether the "null hypothesis," that is, whether the group cannot be discriminated, can be rejected. Such a discrimination is normally estimated by the Wilks test named "Wilks' k criterion" (Wilks, 1932) . A low Wilks' A value indicates a good discrimination, i.e., most specimens fall on the same side of the central point of a separation line (for example on the left) if they belong to group 1, or fall on the other side of the central point if they belong to group 2. The Wilks' 3, value, an approximate F test for A (SPSS-X Statistical Algorithms, 1983) and the significance of the "null hypothesis" for the present discriminant analyses are shown in Tables 4 and 9, whereas the significance for all the variables individually for the same analysis is listed in Tables 5  and 10. The discriminant function can be expressed as an equation of the form:
where Zn is the discriminant score, i.e., the projection of the nth specimen onto the line, bi is the weight to be obtained by the statistical method of discriminant analysis, and X~ is the number of the atoms of each chemical element per unit cell.
The method can be extended to more than two groups of samples; here (g -1) discriminant functions are required. Every function has a different discriminating power, and under certain circumstances the number of functions can be less than (g-1) without a considerable loss of discriminating power. Together with the bl coefficients, coefficients of the canonical discriminant functions can be obtained. These coefficients give, when the sign is ignored, the contribution of their associated variables to the discriminant functions (Tables 6 and 10), whereas the discriminant functions give the best separation among the groups. Classification or Fisher's functions give for each specimen, which may or may not be part of the original set, the group to which it most likely belongs (Tables 7 and 10 ).
The form of the classification functions (Fisher's linear discriminant functions) is:
where Ck is the classification score for the group k, Yjn is the value of the jth chemical element of the nth sample to be classified, ckj are the classification coefficients, and ck0 is a constant. The Yn vector variable will be one of the Xn-dependent vector variables if the sample has been used in the discrimination process: it will not be one of the Xn-dependent vector variables if the sample is used only in the classification process. For every sample, knowing its chemical formula on the basis of 22 negative charges O1o(OH)2 and the % coefficients, the classification functions give g classification scores Ck, one for each of the g groups consid- Table 3 .
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ered. The sample is attributed to a group on the basis of the highest score. The probability of group membership Pk (posterior probability) can be calculated from g ak = exp(Ck)/~ exp(Ck). k=l A statistical package for the social sciences (SPSS) (subprograms MANOVA and DISCRIMINANT) was used in this research (Nie et al., 1975) . In the discriminant analysis, independent variables were selected on the basis of their discriminant power using an upward stepwise method. This method was preferred to one that uses all p independent variables because generally a number of discriminating variables p' < p achieves an equally satisfactory discrimination. The discrimination criterion selected is the "Mahalanobis" distance which seeks to maximize the distance between the two closest groups (Mahalanobis, 1936) .
A detailed discussion on multivariate factor analysis can be found in Morrison (1978) and in Cooley and Lohnes (1971) .
RESULTS

Analysis (1). Montmorillonite and beidellite
To define types or species of Al-rich smectites, the two end members, montmorillonites and beidellites were compared. The discrimination between the two species is significant as shown by the Wilks A values reported in Table 4 . Al TM, A1 vl, and Mg, are highly significant elements; s is a significant variable, as well (Table 5 ). The canonical variables listed in Table 6 indicate that A1TM, A1 v~, and, to a lesser amount, K and Na are the discriminant variables of greatest significance for discrimination.
According to Weir and Greene-Kelly (1962) , the term beidellite should be used for the Al-rich members of montmorillonite-beidellite series with charge of the tetrahedral sheet greater than or equal to the charge of the octahedral sheet. Our results confirm the great importance of the A1 content in both the octahedral and in tetrahedral sheets in discrimination and classification. For this and subsequent analyses, Fisher's classification-function coefficients for the two species are reported in Table 7 . Only one of the 78 samples, a 'non-ideal' montmorillonite, was classified incorrectly as shown in Figure 1 . Schultz (1969) showed that the dehydroxylation temperature of natural beidellites is ~550~176 a temperature range that is more or less characteristic of 'non-ideal' montmorillonites; this similar thermal behavior, together with the fact that the only incorrectly classified sample was a 'non-ideal' montmorillonite suggested the following comparison of these two groups of samples. 
Clays and Clay Minerals Analysis (2). "Non-ideal" montmorillonite and beidellite
'Non-ideal' montmorillonites and beideUites were strongly discriminated (Table 4 ; Figure 1 ) with A1 w, AI TM, Mg, and Fe being the best discriminating chemical variables (Table 5 ). In 'non-ideal' montmorillonites, Fe and Mg compensate for the shortage of AIVL Stepwise analysis shows that Mg and Fe are sufficient for a proper classification (Table 6 ). All samples examined were correctly classified (Figure 1 ).
Analysis (3). "1deal and "non-ideal" montmorillonite
Statistical analyses showed that 'ideal' and 'non-ideal' montmorillonites that can be distinguished by their dehydroxylation temperature can also be differentiated by their chemical composition. AI TM, A1 vI, and Fe are the best discriminating chemical variables (Table 5) ; the others are only very slightly significant. The significance of Mn, as in analysis (2), is doubtful. The only variables used for discrimination in stepwise analysis were Fe, Mg, and Ca, and of these, Fe was the most important (Table 6 ). Three of sixty-seven were misclassified, as is shown in Figure 1 .
Analysis (4). Wyoming-and Cheto-type montmorillonite
For distinguishing between the Wyoming-and Cheto-type of montmorillonites, A1, Fe, Mg, and Ca were found to be the most important discriminant variables (Table 5) . Mg, Fe, and Ca, in that order, contribute most to the discriminant function. Of the 54 samples examined, only two were misclassified (Figure 1 ).
Analysis (5). Otay-, Chambers-, and Tatatilla-type montmorillonite
Analysis (5) addressed the Cheto-type subdivision of Schultz (1969) . Here, three types were compared, and, consequently, there were two discriminant functions. Only sample 30 (Table 1) , an Otay-type montmorillonite, of 28 was misclassified into the Chamberstype field. Important variables in discrimination were found to be A1TM, AI vI, Fe, Mg, and Ca (Table 5 ). The most interesting result is the distinction between TatatiUa-type and the Chambers-and Otay-types ( Figure  2) . The TatatiUa-type is clearly well-defined, which had not been clarified previously. Function 1 in Table 6 gives the discrimination between the Tatatilla-type and the Otay-and Chambers-types. The most important variables were found to be A1 w, Fe, and, to a lesser degree, Ca and AI TM. Function 2 seems to be responsible for the Otay-type and Chambers-type subdivision.
Analysis (6). Chambers-and Otay-type montmorillonite
To clarify the discrimination of the Otay-and Chambers-type of montmorillonites, these two types only Plot of the sample scores in analysis (5) (see text).
were considered in analysis (6). Table 5 shows that Fe is the most important discriminating variable; Mg and A1TM were much less important. The low significance of all chemical variables, Fe excluded (Table 5) , causes the relatively low significance of the discrimination between Otay-and Chambers-type montmorillonites (0.0064) ( Table 4) . Only one sample, the same as in Otay-Chambers-Tatatilla-type analysis is misclassifled (Figure 1 ). In Schultz's (1969) analyses, Mg and A1 were commonly found in interlayer sites. To verify whether this distribution was responsible for this low significance, discriminant analysis was made of 20 Otayand Chambers-type montmorillonites taken from Schultz and using his formulae. The significant variables were found to be Fe 3 § Mg, A1 w, and f] (0. 001, 0.022, 0.007, 0.004, respectively) . In analysis (6) f~ was not significant (0.152 of Table 5 ). The significance of the discrimination is 0.0008, a relatively low value when compared with the significance of the other analyses, but better than the 0.0064 value of the analysis (6). Two samples are misclassified. The difference in the analysis significances is attributable to the differences in the significance of ~2 which were strongly influenced by the two samples (2G and 1G of Table 1) of Grim and Kulbicki (1961) . This result is surprising as those two samples are from Otay and Chambers localities, respectively. On the basis of these results, a definite crystal chemical characterization of the subdivision into Otay-and Chambers-type crystal chemistry, as proposed by Schultz (1969) , may not be justified. Unfortunately the present study was carried out on only a few samples. More samples might clarify the problem. Table 5 ). The significance of other elements (e.g., ~) was weak, or non-existent. Five discriminant functions were obtained, but three explain 96% of variance. The fourth function was not very significant, and the fifth was not significant (Table 4) . Thus, only three functions were considered (discriminant function coefficients and canonical variables are listed in Table 6 ). Canonical variables showed that in discriminant function the weight of the elements is in order, for the first function--A1TM, Mg, AlVa; for the second function--Fe, Al vI, Ca; for the third function--Mg, A1TM, Al w, Ca. Table 7 reports the coefficients of Fisher's classification functions. Table 8 reports a summary of samples correctly and incorrectly classified; nine of seventy-five samples were incorrectly classified: five of these were misclassified in the Okay-and Chambers-type field. This behavior is understandable if the low discrimination between the two groups, as previously shown, is considered. Tables 5 and 6 show that a classification and discrimination of Al-rich smectites can be made by considering cations in tetrahedral, octahedral, and interlayer sites. The very high degree of discrimination shown by Table 4 and by Figures 1 and 2 confirm the classifications of Grim and Kulbicki (1961) , Weir and Greene-Kelly (1962) , and Schultz (1969) based on physical properties or on chemical-physical test behavior. For the octahedral cations, the most significant elements were AI vI, Mg, and Fe; Ti was not at all significant. Mn was weakly significant for some analyses, but this element was not analyzed in all samples, e.g., the Grim and Kulbicki (1961) samples. Only Ca was a significant discriminating element among interlayer cations. A1 w was highly significant.
0~
DISCUSSION AND CONCLUSIONS
According to Schultz (1969) two chemical variables only allow a subdivision of Al-rich smectites to be made: the total net layer charge and the percentage of the total net layer charge in the tetrahedral sheets. The first variable differentiates the Wyoming-type montmorillonites from the remaining types and/or species; Weir and Greene-Kelly (1962) emphasized that beidellite is an Al-rich end member of the montmorillonite-beidellite series; A1, in fact, is very high both in tetrahedral and octahedral sheets (Table 3) , the amount of Fe is within the average for Al-rich smectites, and Mg is very low and has a very high significance (Table  5) . fl is very high in beidellites even if its significance was found to be much lower than was expected. The small amount of K in interlayer position makes this variable quite important. This result is not in agreement with the observations of Weir and Greene-Kelly (1962) .
The dehydroxylation peak temperature of both natural beidellites and 'non-ideal' montmorillonites is 550~176 which is much lower than for other montmorillonites. The difference in the chemical composition of these two species is marked both in the tetrahedral and the octahedral sheets, as shown in Table  3 and in Figure 1 .
'Non-ideal' montmorillonites differ from 'ideal' montmorillonites in their distribution of A1 in the tetrahedral and octahedral sites and their higher amount in Fe. According to Brigatti (1983) the dehydroxylation peak at 600~ is typical of smectites with an iron content in the range 0.60-0.25 atoms per half cell as in the 'non-ideal' montmorillonites examined here. Grim and Kulbicki (1961) divided Al-smectites into Cheto-and Wyoming-types on the basis of their octahedral layer population. They suggested that the Mg in the Cheto-types leads to an ordered distribution with one fourth of the aluminum replaced by magnesium. In contrast, in the Wyoming-type montmorillonites the Mg content is lower, and the octahedral sites occupied by Mg are randomly distributed. The Mg average content in Cheto-type montmorillonites is in agreement with the Grim and Kulbicki hypothesis as shown in Table 3 . The analysis of variance, however, shows Fe also to be a very important discriminant variable in the octahedral sheets, whereas its tetrahedral content is of very small significance. Finally, the interlayer content seems to play an important role in this discrimination through the Ca content which is significantly higher in Cheto-type montmorillonites (Tables 5 and  6 ). ' The symbol * is used when the upward stepwise method does not include the element in the statistical analysis. 2 f~ as in Table 3 . Schultz (1969) suggested a subdivision of Cheto-type montmorillonites into three different types: Otay-, Chambers-, and Tatatilla-types. These types are chemically characterized by a large net layer charge, which is almost entirely (85-100%) in the octahedral sheet in Otay-type samples, whereas in the Chambers-and Tatatilla-type samples, the octahedral charge is in the range 50-85% of the total layer charge. Multivariate factor analysis and discriminant analysis show that Tatatilla-type samples are strongly discriminated and seem to form a well-defined type within the Cheto-type group; whereas, according to the present data, a differentiation between the Chambers-and Otay-types is not as evident. A multivariate analysis therefore was carried out with the same samples but grouping the Otay-type samples with the Chambers-type samples; thus only five types of smectites were considered. The results are reported in Tables 9 and 10 . The significance of discrimination and all other discriminative parameters as well as the significance of all chemical variables are much better than those found with Al-rich smectites subdivided into six groups. Only 4 samples of 75 were misclassified.
In conclusion, multivariate analysis of variance and discriminant analysis emphasize the differences in the crystal chemistry of types ofAl-rieh smectites proposed earlier on the basis of their physicochemical behavior. The strong significance found in discrimination allows a high probable attribution of a sample to the correct type, given the chemical analysis only.
